SCIENTIFIC KENYON

From Stagger
to Swagger
by Frank Zhao
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y mom told me that I
was a unique infant
who did not crawl like
other babies, and she thought that
my way of moving my body was
adorable. But I know that my mom
said that because she wanted to
be nice. In fact, I could not crawl
just because I was so fat that my
belly would get in the way of my
thighs, which prevented me from
moving my legs forward. Yet, my
competitive nature did not allow
me to give up the right to move,
forcing me to invent my backwardcrawling. When I wanted to move
towards my parents, I would try so
hard that my thighs would always
bang on my belly and bounce back.
After repeating these movements
tirelessly several times, I found
myself actually moving in the
direction of my toes.
With this disadvantage of
crawling, I had always been humble
among my peers and reluctant to
expose my hilarious movement,
but my disdain for crawling turned
into a strong driving force to learn
how to walk. With the assistance of
my parents, I quickly mastered how
to stand up straight on my own.
However, when I attempted to get
into my mother’s arms, my desire to
move forward was so intense that I
forgot to move my lower body. As a
result, it seemed like I always aimed
my face for the floor and fell like
an unconscious teddy bear. After
countless attempts, I managed
to stagger into the living room
by myself after weeks of practice.
When I went out to the park to play
with other kids at my age, I felt I
could kind of fit in with my peers for
the first time. Though staggering
like a little drunk penguin, I finally
came to believe that I was catching
up with those cool kids who could
walk with ease. But my competitive
nature gave me a hunger for
mastering this skill and ultimately
swaggering in front of others.
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Walking is a
Fundamental Motor
Skill That is Critical for
Daily Life
What would you do if you
wanted to move yourself to another
place? Would you crawl like a baby,
hop like a kangaroo, or try to fly like
a fluttering chicken? I guess most
people would want to move their
legs at a steady pace and walk to
their destination. Indeed, walking
is one of the most basic motor
skills that a healthy human obtains
shortly after birth.
We, as human beings, have a
distinct walking pattern from other
four-limbed animals. The ability to
lift up our upper body and free our
hands requires very strong muscles
at the hip, knee, and ankle joints.1
Imagine that I snap my finger and
magically weaken your hip and
leg muscles—you would suddenly
kneel down with your back bending
forward. If you wish not to hit the
ground with your face, you would
have to support your upper body
with your arms so that you wouldn’t
get a bloody nose. Now, you have
returned to the level of mobility of
your infancy, moving your body by
crawling on hands and knees, which
would lead you to cherish the good
old days when you could stand on
your feet and walk.
You might think that you
could restore your walking ability
by strengthening your hip and leg
muscles, but you are missing a
very important part: neuromuscular
control. Your muscles usually do
not contract on their own. They
need instructions, which are neural
signals, to tell them when to do
the work. If you would like to move
your legs, you need to send out
an order from the control center
of your body called the central
nervous system. This control center
consists of many departments,
each of which has its own specialty.

The actual signal would be sent
from the department called the
central pattern generator in the
spinal cord.2 The central pattern
generator is a department full of
diligent workers who would always
work hard without the supervision
of the big boss (the brain).
Once the signal is sent by
this department, it would start its
trip and get on an electrical bullet
train in the motor neuron through
the spinal cord to the leg muscle,
commuting at a speed up to
120m/s, which is 275 mph! Near
the leg muscle, the signal would
get off of this electrical bullet train
and hop on several taxis called
neurotransmitters,
approaching
the muscle to initiate contraction.
This is how one muscle group is
controlled, but walking is a much
more complex movement that
requires the coordination of several
muscles with precise contraction
forces and correct timing. If you
exert too much force, you could be
jumping up or taking an overly big
step, which would make you fall to
the floor in a perfect split (ouch!).
If you move your legs too early
or too late, you might be taking
asymmetric steps and limping.
Therefore, walking is not simply the
hard work of muscle, and it takes
practice to make the connection
between the central nervous
system and the muscles.3

People Master the Skill
of Walking at Different
Levels
Looking back at my own
history of learning how to walk,
infants that have no previous
experience of walking often
perform this skill poorly. Contrary
to the popular belief that infants
do not have sufficient muscle
mass, they actually stagger and fall
because their nervous systems are
not efficient enough to make use of
their muscles. In other words, they
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lack control between the brain and
the target muscle, like soldiers who
have unstable contact with their
commander.
After continuous practice
through childhood, most people
master this skill of walking. Some
people can develop distinct
gait patterns based on their
occupations. Models on the runway
at a fashion show learn to catwalk,
walking with diagonal steps to
showcase their beautiful curves.
Soldiers need to learn the goose
step, walking orderly with both legs
straight. Acrobats who perform
wirewalking require taking every
step on the same line while keeping
their body perfectly balanced.
The social environment can
also have an impact on the gait
pattern of an individual. Have you
ever seen a gang of teenagers
swaggering on the street in the
same way? Did they all walk
together, shaking their shoulders
and facing up to the sky but looking
straight forward? Or have you seen
a whole family taking a walk in the
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park that walked very similarly?
The wiggling of their hips, the
movement of their arms, and the
direction of their toes all indicating
that they have a strong bond with
one another. In fact, scientists have
found that people are imitators
in nature due to certain neurons
that are associated with mimicking
other people’s movements.4 Thus,
we are able to infer a person’s gait
pattern by looking at the people
around that person.
However, unlike other skills that
people perform better with years
of practice, proficiency in walking
can decrease as people get older.
The elderly often demonstrate
progressive difficulties in walking,
with a variety of causes due to the
potential coexistence of several
diseases. Also, finding out the cause
of the decline of physical function
is challenging since our nervous
system is very good at coming up
with ways to compensate for minor
damage in some neural pathways.5
Our neurons are very intelligent
and diligent, continually seeking a

new path if the old one is blocked,
just like hardworking delivery
people who are determined to
take on any path to get to the
destination and complete the
service. When too many neural
pathways are damaged and the
nervous system is unable to exploit
any other ones by itself, the walking
problem becomes noticeable and
relatively difficult to solve. Thus,
dealing with the challenge of
decreased physical function, for
this population, requires a similar
strategy as newborns learning how
to walk for the first time, making
neuromuscular connections and
continuously strengthening these
connections. But where did these
connections come from in the first
place?

Making Correct
Predictions is Essential
for Learning
Everything is difficult at the
beginning. This is especially true
for learning how to move on two
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feet. Other animals share the
weight of the whole body on
four limbs and their horizontally
positioned body grants them a
low center of gravity and increased
stability. On the contrary, humans
walking with only two feet face a
great challenge of stabilizing the
body and maintaining balance. So
how is this unique way of walking
developed and mastered by most
people?
Learning a new movement
is achieved through adaptation,
a process of correcting previous
mistakes and making predictions
that are closer to the actual sensory
feedback.6 When you would like
to initiate a movement towards
something, your brain first predicts
how it will feel after you finish the
movement. Then, your brain sends
out the order to attempt to reach
the target. If the sensory feedback
matches the simulated sensory
signal that your brain expected to
receive, congratulations! You do
not need to make any adjustments
because you have hit the target on
your first shot. You only need to
repeat the movement several times
to consolidate this movement
before it is etched in your memory.
If the sensory feedback deviates
from the prediction, your brain
would feel a little upset but more
motivated to get a perfect match.
Then, your control center would
make some adjustments based
on the sensory feedback it just
received and send a second order,
trying to get closer to the target.
This pattern would keep repeating
until there are no more errors,
marking the milestone of learning
a new movement. Take learning to
go up on a stair as an example. If
you have completely forgotten how
to take a step on a stair, your brain
would first estimate how high is
the stair and how high it needs to
command the leg to lift, according
to the visual information delivered
from your eyes. Following the

prediction, the first order would
be sent directly to the responsible
leg muscles to attempt the first
step. Most of the time, you would
probably not hit the target on
your first shot. Your leg might not
be lifted high enough and hit the
front side of the stair, followed by
an “ouch” sound coming from
your mouth. In another case, you
might lift your leg so high that you
skip a step, stretching the muscles
on the back of your leg and
hips. Learning from the previous
sensory information delivered
from the legs, your brain would
automatically make corrections,
depending on whether the leg was
undershot or overshot. The brain
would send weaker motor signals
to the corresponding leg muscle to
have the leg raise lower than last
time, and vice versa. After many
attempts and adjustments, you
will eventually learn how to make a
perfect step on a stair.
However, the hypothetical
example provided is implausible
since I do not have this wicked
magic to make someone forget

how to climb the stairs. So how did
scientists figure out the mechanism
behind learning how to walk,
considering that people are very
familiar with walking and cannot
unlearn it for the sake of scientific
research?

Learning Adaptation
With Split-Belt
Treadmill
A powerful tool called a splitbelt treadmill has been introduced
to study how animals, including
humans, learn new gait patterns.
This is a treadmill with two separate
belts, one for each leg. Researchers
are able to control the speed of
each belt independently to induce
various gait patterns (Figure 1).
A group of scientists was able to
dissociate predictive adaptation
(learning from a successful match of
prediction and result) from reactive
adaptation (instant adjustments
after sensing the error).7 A key
difference between predictive
adaptation and reactive adaptation

Figure 1. Schematic diagram of a split-belt treadmill. The two belts of the treadmill can be set at
different speeds, one faster than the other. They can force the left foot and the right foot to walk at
different speeds, leading to a variety of unusual gait patterns. Original figure by Frank Zhao.
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is that predictive adaptation can
only occur after practice, leading to
the storage of the new movement
memory. Reactive adaptation, on
the other hand, is the body’s quick
reaction to the sensory feedback
from the limbs, which does not
form memories in the nervous
system. Therefore, only when the
predictive adaptation is recognized
can we say that the new movement
is learned.
Now we know these two
different concepts, but how
can these abstract concepts be
reflected in a real-life person?
Let’s go for a walk and you will
find out. Before you execute the
movement, your brain would have
a general prediction of how big
a step to take. After moving your
leg forward, you would expect to
have the same sensory feedback as
simulated in your brain. However,
your stepping leg would receive no
sensory information before getting
into contact with the ground. So
your step length, or how far you
step forward, is solely based on
your prediction. When you feel the
firm ground, you would initiate a
stride, pulling your body forward
and pushing back on the ground.
In this period, your leg is constantly
receiving the sensory information
from the ground and, at the same
time, your brain is instructing your
striding leg to adjust to an ideal
position with proper force exertion.
Before your striding leg pushes
back off the ground, your brain’s
reaction to the sensory input from
the leg is temporary and cannot be
recalled. So the stride length, or
how far back your leg swings, is not
an indication of learning.
Using the split-belt treadmill,
the researchers were able to force
the participants to have one leg
move faster than the other and thus
leading to different step and stride
lengths. Since we would naturally
want to walk symmetrically, the
fast leg would have larger step
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and stride lengths than the slow
leg, in an effort to compensate for
the speed difference of the two
belts.7 But how do we learn to
unconsciously adjust our steps so
that we can walk symmetrically?

The Cerebellum is the
Hardware for Learning
New Gait Patterns
Although we know that
performing the movement of
walking only requires the activation
of the central pattern generator
in the spinal cord, when it comes
to blazing a trail to making new
muscle memories, this hardworking
department is counting on a
leader: the cerebellum (Figure 2).
The cerebellum is a small chunk at
the bottom of the brain and top of
the neck. It has been shown to be
necessary for learning a new gait
pattern but does not affect gait
patterns that have already been
learned.
The
researchers
then
compared the performance of
healthy adults and patients with
cerebellar damage. The patients
with cerebellar damage were unable
to walk symmetrically because

they could not adapt to the new
gait pattern and take proper steps
when the speed of the two belts
are different. They always kept the
same step length as if walking on a
normal treadmill where the two legs
move at the same rate. However,
the healthy adults performed very
well on the split-belt treadmill,
adapting to the new gait pattern
and walking symmetrically shortly
after the speed change of the two
belts. Surprisingly, these people
continued to walk in the gait pattern
they had just learned immediately
after the two belts were tied
together. This is a clear indication
of a movement being learned
and remembered by the nervous
system. Therefore, the researchers
concluded that the cerebellum
is the brain area responsible for
learning a new movement.
Going deeper into the
cerebellum, there is a type of cell
called the Purkinje cells (Figure 3),
which are the buttons responsible
for forming memories of learned
movements.8
By
attempting
new gait patterns, Purkinje cells
in the cerebellum are activated
and start developing new neural
connections. When this button is
pushed, new neural railways that

Figure 2. The role of the cerebellum in learning a gait pattern. Sensory input to the cerebellum
(yellow) is required for new memory of a specific gait to form. Repetitive practice can consolidate
this memory and help familiarize the new gait pattern. Original figure by Frank Zhao.
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are specific to this movement will
be built and carved into memory. As
the attempts are repetitively made,
the railway will get longer and
closer to the destination. After the
new railway is completed, it allows
the bullet train carrying this specific
signal to operate more efficiently.
When the next time this gait pattern
needs to be performed, the signal
would be delivered to the correct
muscle groups more swiftly.
In summary, we are able to
successfully learn how to walk
because we have been striving
to learn it by continually making
attempts. The cerebellum would
continuously make adjustments to
the predicted sensory input from
the legs based on the actual one
received. When the prediction
matches the feedback, the button
for learning would be activated.
Sensory input from each successful
attempt will be pressing the
button called the Purkinje cells in
the cerebellum. In the meantime,
the cerebellum is also trying to
build a neural pathway based on
the previous mistakes included in
the sensory inputs, like rerouting
the railway after running into a
mountain. The first few sensory
inputs that indicate the correct
execution of the gait pattern would
boost the progress of building
the railway. Once this railway is
finished, the electrical bullet train
that sends motor signals would
go directly to the corresponding
muscles. As a result, we will always
make the correct prediction of how
to take the proper steps for that
gait pattern, which suggests that
we have learned it.

How Can We Make
Improvements?
If you are or plan to be a
parent of a toddler, you must have
thought about how to teach your
child to walk in the most efficient
way. Learning how to walk is crucial
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Figure 3. Purkinje Cells in the Cerebellum. Adapted from The Cerebellum, Neupsy Key, https://
neupsykey.com/the-cerebellum-2/

for children in the first few years
of their lives and walking provides
them with the ability to freely move
to other places. So parents are
always worried about their children
learning to walk too late, and
parents have come up with many
strategies to help their children
learn faster.
However, some methods that
are widely used can lead to the
opposite effect. For example, my
parents told me that they taught
me how to walk by holding my
arms and leading the way. Using
this strategy, my parents shared
some of my body weight and took
control of my balance. This method
can be seen in many other parents
across the world and is believed
to help the children get a sense
of walking and set the stage for
walking independently. Contrary
to this common belief, a recent
study about how handrails on a
split-belt treadmill affect learning
a new gait pattern has proven
this belief to be wrong.9 People

that walked with handrails on a
split-belt treadmill display faster
adaptation than those with no
handrails when the two belts were
running at different speeds. But
this quick adaptation was actually
an illusion of learning. When the
belts were tied together, people
holding handrails while walking
showed no asymmetric aftereffects.
People who swung their arms freely
during the split-belt period showed
slower adaptation but the struggle
occurred again when the belts were
tied together, indicating learning
and unlearning processes. This
study clearly demonstrated that
external balance support does not
lead to new gait learning. Rather,
taking the hands of children might
slow down the learning process,
which ends up taking the time for
more effective walking practice.
Based on the results from this
study, having no assistance might be
the most helpful to those learning
how to walk. If you are to teach your
pet, for example a bear, how to walk
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like a human on a treadmill, what
would you do? For most people,
they would want to provide some
balance support, like a handrail, to
help the bear perform better. But
clearly, it would not learn anything
and would still be staggering when
back on the ground (Figure 4). If,
on the other hand, you put the
bear on the treadmill with front
limbs freely swinging, you would
be surprised how fast this gait
pattern is learned. Before long,
your bear would be mastering this
skill and swaggering among other

people’s bears. Even though this is
a hypothetical experiment that is
difficult to conduct, the rationale
behind this can apply to humans.
When you are teaching someone,
whether a toddler or an adult, to
master a new gait pattern, try to let
go of their arms and let that person
explore on their own. It can be slow
at first, but it will be the fastest way
in the end.
In fact, my parents tried to hold
my hands and guide me when I was
learning how to walk as a toddler.
However, they left me alone to

practice walking after they lost
patience and became exhausted.
I could not remember how many
times I stumbled, but my progress
accelerated unexpectedly. I was
able to walk without falling two
weeks after practicing on my own.
Once I mastered this skill, I enjoyed
it so much that I refused to be held
in my parents’ arms. Swaggering
with my milk belly vibrating, I finally
begin to appreciate the unique
way of walking that I mastered
differently than my friends.
■

Figure 4. Different Ways of Practice Can Affect Learning. Personified bears are trying to learn how to walk on two legs on traditional treadmills like
humans. The bear holding the handrail (top) while walking displays no sign of learning after getting off the treadmill. The bear swinging arms freely
(bottom) while learning displays quick acquisition of the new walking skill.Original figure by Frank Zhao.
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